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Spermatogonial stem cellSpermatogonial stem cells (SSCs) reside in undifferentiated type-A spermatogonia and contribute to
continuous spermatogenesis by maintaining the balance between self-renewal and differentiation, thereby
meeting the biological demand in the testis. Spermatogonia have to date been characterized principally
through their morphology, but we herein report the detailed characterization of undifferentiated
spermatogonia in mouse testes based on their gene expression proﬁles in combination with topological
features. The detection of the germ cell-speciﬁc proteins Nanos2 and Nanos3 as markers of spermatogonia
has enabled the clear dissection of complex populations of these cells as Nanos2 was recently shown to
be involved in the maintenance of stem cells. Nanos2 is found to be almost exclusively expressed in As to
Apr cells, whereas Nanos3 is detectable in most undifferentiated spermatogonia (As to Aal) and
differentiating A1 spermatogonia. In our present study, we ﬁnd that As and Apr can be basically classiﬁed
into three categories: (1) GFRα1+Nanos2+Nanos3−Ngn3−, (2) GFRα1+Nanos2+Nanos3+Ngn3−, and (3)
GFRα1−Nanos2±Nanos3+Ngn3+. We propose that the ﬁrst of these groups is most likely to include the
stem cell population and that Nanos3 may function in transit amplifying cells.
© 2009 Elsevier Inc. All rights reserved.Introduction
Spermatogenesis is the process whereby a huge number of sperm
are produced via multiple proliferation and differentiation steps. This
reproduction process continues for a long period and is maintained by
a robust stem cell system. In the adult mouse testes, the spermato-
gonial stem cell (SSC) function resides in the undifferentiated type-A
spermatogonia, which comprise the most primitive set of spermato-
gonia including Asingle (As; isolated spermatogonia), Apaired (Apr;
chained 2 cells), and Aaligned (Aal; chained 4 to 16 or occasionally 32
cells). In addition to their self-renewal capabilities as a population of
cells, undifferentiated spermatogonia generate A1, A2, A3, A4,
intermediate (In), and B differentiating spermatogonia. These cells
further differentiate into meiotic spermatocytes, haploid spermatids,
and spermatozoa. In the seminiferous tubules, all types of spermato-
gonia are localized at the peripheral basement membrane, and the
subsequent differentiating cell types are arranged in a sequential
order towards the lumen. The cycle of the seminiferous epithelium is
divided into 12 stages (stages I–XII) in mice (de Rooij, 1998; de Rooij
and Russell, 2000; de Rooij, 2001).elopment, National Institute of
55 981 6828.
ll rights reserved.Although the molecular mechanisms that control spermatogenesis
have remained elusive, the roles of some components of these
pathways are now being elucidated. Glial cell line-derived neuro-
trophic factor (GDNF), which is produced by Sertoli cells, is required
for the maintenance of SSCs (Meng et al., 2000). Consistently, As to
Aal4 undifferentiated spermatogonia express a glycosyl-phosphatidyl
inositol-linked receptor of the GDNF family α1 (GFRα1) and a ret
receptor tyrosine kinase (RET), which constitute the GDNF receptor
complex. Each of these mutant mice has shown a similar spermato-
genic phenotype to that of the GDNF−/− mice and their SSCs cannot
maintain an undifferentiated state (Buageaw et al., 2005; Naughton et
al., 2006; Tokuda et al., 2007; Jijiwa et al., 2008). The transcriptional
repressor Plzf is also essential for SSC self-renewal since Plzf−/−mice
undergo a progressive loss of spermatogonia without overt differen-
tiation defects (Buaas et al., 2004; Costoya et al., 2004). Nanos genes
encode evolutionarily conserved proteins that play important roles
during germ cell development (Seydoux and Braun, 2006). In mouse,
Nanos2 and Nanos3 are implicated in germ cell development
(Haraguchi et al., 2003; Saga, 2008). We have recently found that
Nanos2 is expressed in the self-renewing spermatogonial stem cells
and is required to maintain their stem cell state during spermato-
genesis (Sada et al., 2009). Nanos3 is also expressed in undifferen-
tiated spermatogonia in a similar manner to Nanos2 (Tsuda et al.,
2003; Lolicato et al., 2008). However, the detailed expression patterns
Fig. 1. Both Nanos2 and Nanos3 are expressed in spermatogonia in adult mouse testes. (A–D) β-Gal expression in sections derived from Nanos2-L-3′UTR+/− (Nanos2+/L, A and B)
and Nanos3–L-pA+/− (Nanos3+/L, C and D) adult mouse testes. Panels B and D show cryptochid testes at 3 months after the operation. The average numbers of lacZ-positive cells in
one tubule are indicated in each panel (n=over 68 tubules). Errors were determined by the SEM. (E–K) Seminiferous tubules immunostained with anti-Nanos2 (E–G) and anti-
Nanos3 (H–K) antibodies. Scale bars, 50 μm.
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remain unclear.
The identiﬁcation of the SSCs has proved to be an elusive task for
some time. The most plausible candidates are the As spermatogonia,
but these cells do show evidence of heterogeneity. In rat testes, a
small portion of the As spermatogonia has been found to retain
incorporated 3[H]thymidine for longer periods than others, indicat-
ing that these particular cells have a longer cell cycle or are
quiescent, while other As cells lose this label more rapidly (Huckins,
1971). Recently, Nakagawa et al. (2007) performed cell lineage
analysis using Ngn3/CreER™ mice and found that there are at least
two subgroups within the Ngn3 lineage, the actual stem cells that
execute self-renewal under normal conditions and the potential stem
cells which belong to the group of transit amplifying cells and may
possess self-renewal potential (Nakagawa et al., 2007; Yoshida et al.,
2007). However, robust markers of these subgroups have yet to be
elucidated.In our current study, we report that Nanos2 is expressed almost
exclusively in As to Apr cells and that Nanos3 is expressed in most
undifferentiated spermatogonia (As to Aal) and in a portion of the
differentiating spermatogonia. In addition, we report that there are
overt differences between As to Apr undifferentiated spermatogonia




To generate the Nanos3-L-pA (Nanos3+/L) mice, a targeting vector
was constructed using two homologous fragments of 7.5 kb (XhoI-
NcoI) and 1.5 kb (BamHI-NdeI) from a BAC clone derived from a
mouse C57BL/6J female BAC library (Invitrogen). The targeting
strategies are outlined in Supplementary Fig. 1 and the methods for
Fig. 2.Nanos2 expression is restricted to a small population of undifferentiated type-A spermatogonia. (A–D) The seminiferous tubules of wild-type (A, B) and Ngn3/EGFP transgenic
(C, D) mice were immunostained with anti-Nanos2 (Nos2, red) and anti-GFRα1 (green) (A, B), or with anti-Nanos2 (red) and anti-GFP (green) (C, D) antibodies. The colored
arrowheads indicate the following clusters: white, Nanos2+GFRα1+ or EGFP+; blue, Nanos2+GFRα1− or EGFP−; and yellow, Nanos2−EGFP+. Scale bars, 50 μm. (E, F) Quantitative
analyses of spermatogonial populations (from undifferentiated As to Aal16 spermatogonia and beyond) with regard to the Nanos2 and GFRα1 (E) or Nanos2 and Ngn3/EGF (F)
expression patterns. Each bar represents the number of clusters expressing each of the marker combinations indicated in the graph. The Venn diagrams shown represent the
relationship between the total clusters expressing Nanos2 and GFRa1 (inset in panel E) or Nanos2 and Ngn3/EGFP (inset in panel F). Dark blue, GFRα1+; light blue, Nanos2+; light
green, Ngn3/EGFP+. The numbers at the intersections indicate the percentages of double-positive clusters.
224 H. Suzuki et al. / Developmental Biology 336 (2009) 222–231generating gene knockout mice have been described previously
(Suzuki et al., 2008). For genotyping, genomic DNA was isolated from
the tails and analyzed by PCR. The primers used for the Nanos3+/L
targeted allele were 3′lacZ-2F (5′-ACTATCCCGACCGCCTTACT-3′) and
mNos3-GSP2 (5′- GGGACTGATAGATGGCAC-3′). The methods used
to generate Nanos2–L-3′UTR (Nanos2+/L-UTR) mice and Ngn3/EGFP
mice and their subsequent characterization have been previously
described (Yoshida et al., 2004; Tsuda et al., 2006). All mice were
maintained in an MCH background and mice older than 6 weeks were
analyzed as adults.
Cryptorchidium and X-gal staining
Cryptorchid testes were generated according to Nishimune et al.
(1978) and used 3 months after the operation. For X-gal staining, the
tunica albuginea were removed from the testes and ﬁxed in a PBS
solution containing 2% PFA, 0.2% glutaraldehyde, and 0.02% NP-40.
Then testes were then stained for β-gal activity as described
previously (Saga et al., 1992).Whole-mount immunohistochemistry
Mouse testes were removed from the tunica albuginea and
dispersed roughly in PBS with manual agitation. These tissues were
then ﬁxedwith PBS containing 4% PFA for 2 h at 4 °C andwashed three
times for 5 min each with PBS, from which the interstitial cells were
manually removed. After blocking with PBS containing 3% skim milk
or 1% BSA for 1 h at RT, the tubules were rinsed by PBS and incubated
overnight with primary antibodies in 1% BSA/PBS (PBS-B) at RT. The
following day, the tubules were washed six times for 15 min each in
PBS containing 1% BSA and 0.1% TritonX-100 (PBS-BT) and were
incubated for 2 h at RT or overnight at 4 °C with secondary antibodies
in PBS-BT. After the tubules were again washed six times for 15 min
each with PBS-BT, several pieces of seminiferous tubule were
mounted on slide glasses and enclosed with Gel/Mount (Biomeda).
Samples were observed under confocal laser microscopy (Zeiss).
Primary antibodies were used at the following dilutions: 1:500 for
rabbit anti-Nanos2 and anti-Nanos3 (Suzuki et al., 2007), 1:100 for
goat anti-rat GFRα1 (R & D systems), 1:200 for rat anti-GFP, 1:50 for
225H. Suzuki et al. / Developmental Biology 336 (2009) 222–231rat anti-c-Kit (Chemicon), and 1:1000 for rabbit anti-Plzf (Santa
Cruz). All secondary antibodies were used at a 1:200 dilution and
included Alexa 488-conjugated donkey anti-rat IgG, Alexa 488-
conjugated donkey anti-goat IgG, Alexa 594-conjugated donkey
anti-rabbit IgG (Molecular Probes), and Cy5-conjugated donkey
anti-Goat IgG (Rock land).
Results
Both Nanos2 and Nanos3 are expressed in undifferentiated
spermatogonia in adult mouse testes
In the mouse, Nanos2 and Nanos3 are expressed in embryonic
germ cells and play important roles in both the survival and
maintenance of these cells as we have previously reported (Tsuda et
al., 2003; Suzuki et al., 2007; Suzuki and Saga, 2008; Suzuki et al.,
2008). Although both Nanos2 and Nanos3 are re-expressed after birth
in the testes, a detailed expression proﬁle for these proteins has not
been previously reported. Utilizing a β-gal knockin mouse system, we
have now analyzed these expression patterns using the Nanos2–L-3′Fig. 3. Nanos3 is expressed in most undifferentiated type-A spermatogonia. (A, B) The semin
immunostained with anti-Nanos3 (Nos3, red) and anti-GFRα1 (green) (A, B), or anti-Nanos
clusters: white, Nanos3+GFRα1+ or EGFP+; blue, Nanos3+GFRα1+ or EGFP+; and yellow
populations (from undifferentiated As to Aal16 spermatogonia and beyond) with regard to N
number of clusters expressing each of the marker combinations indicated in the graph. The V
GFRa1 (inset in panel E) or Nanos3 and Ngn3/EGFP (inset in panel F). Dark blue, GFRα1+; li
the percentages of double-positive clusters.UTR (Tsuda et al., 2006) and Nanos3–L-pA (Fig. S1) mouse lines. In
both lines, β-gal activity was observed in ﬂattened shaped cells tightly
attached to the basement membrane of the seminiferous tubules
(Figs. 1A and C) (Tsuda et al., 2006). These morphological character-
istics are consistent with those of the spermatogonia and are distinct
from somatic supporting cells such as Sertoli or peritubular myoid
cells (Russell et al., 1990). We also examined the expression of these
reporter genes in an experimentally induced cryptorchid testis, in
which undifferentiated spermatogonia containing SSCs are enriched
due to a block in their differentiation (de Rooij et al., 1999). In sections
of both Nanos2–L-3′UTR and Nanos3–L-pA cryptorchid testes, β-gal-
positive populations remained in the tubules and their frequency was
also retained (Figs. 1B and D). These results suggest that both Nanos2
and Nanos3 are expressed in undifferentiated A spermatogonia
subgroups. However, the expression of the endogenous proteins in
adult testis could not be detected using section immunohistochem-
istry possibly due to a low abundance.
To examine the expression proﬁle for the Nanos proteins in further
detail, it was essential to observe the three-dimensional architecture
of the As, Apr, or Aal spermatogonia as they can only be deﬁned atiferous tubules of wild-type (A, B) and Ngn3/EGFP transgenic (C, D) mice were double
3 (red) and anti-GFP (green) (C, D) antibodies. The arrowheads indicate the following
, Nanos3−GFRα1+. Scale bars, 50 μm. (E, F) Quantitative analyses of spermatogonial
anos3 and GFR 1 (E) or Nanos3 and Ngn3/EGF (F) expression. Each bar represents the
enn diagrams depict the relationship between the total clusters expressing Nanos3 and
ght blue, Nanos3+; light green; Ngn3/EGFP+. The numbers at the intersections indicate
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Fig. 5. The heterogeneity of As and Apr spermatogonia is clearly deﬁned by their GFRα1 and Ngn3/EGFP expression patterns. The seminiferous tubules of Ngn3/EGFP transgenic mice
were immunostained with anti-GFRα1 (cyan), anti-GFP (green) and either Nanos2 (red, A, B) or Nanos3 (red, C, D) antibodies. Arrowheads indicate the following clusters; white,
Nanos2+ or Nanos3+ GFRα1+ EGFP−; yellow, Nanos2+ or Nanos3+ GFRα1− EGFP+; yellow open, Nanos3− GFRα1+ EGFP−. Scale bar, 25 μm. (E) The Venn diagrams represent the
relationship between the As spermatogonia expressing Nanos2, GFRα1, and Ngn3/EFP (left box) or Nanos3, GFRα1, and Ngn3/EGFP (right box). Dark blue, GFRα1+; light blue,
Nanos2+; dark green, Nanos3+; light green, Ngn3/EGFP+. The numbers indicate the percentages of positive clusters.
227H. Suzuki et al. / Developmental Biology 336 (2009) 222–231present by the number of chained cells (de Rooij and Russell, 2000).
For this purpose, we used whole-mount immunohistochemistry with
anti-Nanos2 or anti-Nanos3 antibodies and sections of the seminif-Fig. 4. Nanos3 expression is downregulated upon the differentiation to A2 spermatogonia. (A
(red) and anti-c-Kit (green) antibodies. The presumptive stages of the seminiferous tubule
magniﬁcation images of the tubule in the corresponding boxed areas in panel A. Panel F
spermatogenic stage of each section is also indicated. The arrowheads denote the following
Asterisks indicate interstitial cells expressing c-Kit. Scale bar, 50 μm.erous tubules of adult mice. The speciﬁcity of these antibodies has
been conﬁrmed by previous Western blot analyses (Suzuki et al.,
2007), and we validated this further in our present analyses by double) Longitudinal image of a whole seminiferous tubule immunostained with anti-Nanos3
estimated by the c-Kit expression pattern are shown. Scale bar, 500 μm. (B–F) Higher
is a higher magniﬁcation image of the tubule downstream of panel E. The estimated
clusters; white, Nanos3+c-Kit−; yellow, Nanos3+c-Kit+; white open, Nanos3− c-Kit+.
Fig. 6. Asymmetrical Apr- and Aal-like clusters can be observed in undifferentiated spermatogonia. (A–D) Seminiferous tubules of Ngn3/EGFP transgenic mice immunostained with
anti-GFRα1 (cyan), anti-GFP (green), and either Nanos2 (red, A, B) or Nanos3 (red, C, D) antibodies. Scale bars, 10 μm. (E, F) Frequency of asymmetrical clusters containing different
numbers of Nanos2+ (E) and Nanos3+ (F) cells. The numbers above each bar indicate the percentage of asymmetrical clusters in each aligned cluster.
228 H. Suzuki et al. / Developmental Biology 336 (2009) 222–231immunostaining of LacZ-knockin mice using Nanos and β-galactosi-
dase antibodies and also via the immunostaining of knockout mice
(Fig. S2).
Nanos2+ clusters were detected mainly as single cells or two
cells connected via intercellular bridges. Nanos2 expression was
also observed in chained cells including 4-, 8-, 16-cell clusters, but
the levels of expression in these cases became profoundly weak
(Figs. 1E–G). In contrast to the small sizes of the Nanos2+ subgroups,
the population of Nanos3+ subgroups was larger and the clusters
therein were detected as single, 2, 4, 8, 16, or many cells connected viaintercellular bridges (Figs. 1H–K). These characteristic morphologies
clearly indicate that the Nanos2- or Nanos3-expressing cells can be
deﬁned as As, Apr, and Aal undifferentiated spermatogonia in which
SSCs reside.
Nanos2 expression is limited to a subpopulation of undifferentiated
type-A spermatogonia
To further characterize the Nanos-expressing spermatogonia,
double immunohistochemical staining was conducted to detect the
229H. Suzuki et al. / Developmental Biology 336 (2009) 222–231GFRα1 and Ngn3/EGFP marker proteins. GFRα1 is expressed in most
primitive sets of undifferentiated spermatogonia, mainly in As to Aal4
and occasionally observed in Aal8 (Tokuda et al., 2007). In Ngn3/EGFP
transgenicmice, the EGFPexpressionproﬁle reports the transcriptional
activity of Ngn3 and is therefore a good marker for undifferentiated
type-A spermatogonia (Yoshida et al., 2004; Yoshida et al., 2006). We
found that 66.4% of Nanos2+ As to Aal cells co-expressed GFRα1 and
that the remainder didnot do so.However, all of theGFRα1+ cellswere
also Nanos2+. It is noteworthy that GFRα1 expression was heteroge-
neous even in As (Figs. 2A, B and E). In addition, 58.7% of the Nanos2+
cells co-expressed Ngn3/EGFP, and the remainder, particularly As but
also some Apr cells, lacked this characteristic (Figs. 2C, D and F). These
observations clearly indicate that the As and Apr cell populations are
heterogeneous. It is noteworthy also that Nanos2-expressing cells
were never observed to co-express c-Kit (data not shown), indicating
that Nanos2 is conﬁned to undifferentiated spermatogonia.
Nanos3 is expressed in undifferentiated spermatogonia but this
expression is gradually downregulated after differentiation into A2
spermatogonia
We found that 47.5% of the Nanos3+ cells co-expressed GFRα1,
and although 90.5% of the GFRα1+ cells were also Nanos3+, the
remaining 9.5% of these cells that did not express Nanos3 belonged to
the As and Apr groups. (Figs. 3A, B and E). Most of the Nanos3+ cells
co-expressed Ngn3/EGFP (60.4%), and these were predominantly Aal
spermatogonia. However, 39.6% of the Nanos3+ cells were Ngn3/
EGFP-negative, comprising As (71.6%) and Apr (28.8%) spermatogonia
(Figs. 3C, D and F).
To determine the point at which Nanos3 expression ends during
the seminiferous cycle, we compared the distribution of Nanos3+
clusters with that of c-Kit+ clusters in long seminiferous tubules (Fig.
4A). The c-Kit protein is expressed in a portion of the Aal and
differentiating spermatogonia and is implicated in the differentiation
of these cells (de Rooij et al., 1999; Schrans-Stassen et al., 1999;
Blume-Jensen et al., 2000; Kissel et al., 2000; Ohta et al., 2000). The
corresponding developmental stage of the seminiferous epithelium
was estimated by a comparison of the expression pattern with other
tubules. These tubules were staged by PAS–hematoxylin staining of
sections prepared after confocal analysis along the tubule (Fig. S3)
(Russel et al., 1990). Most of the Nanos3+ undifferentiated type-A
spermatogonia (As to Aal) did not co-express c-Kit (Fig. 4B). However,
Nanos3+ Aal spermatogonia (mainly aligned from 4 to many cells)
express c-Kit strongly at around stage VII, during which Aal
spermatogonia begin to differentiate into A1 spermatogonia (Fig.
4C). At stage IX, when A1 differentiate into A2 spermatogonia, Nanos3
expression becomes weaker (Fig. 4D). However, Nanos3 was still
found to be expressed at stage XII although at much lower levels (Fig.
S3). Nanos3was observed to be completely lacking during stages I–IV,
suggesting that it was fully downregulated before the differentiation
of type-B spermatogonia (Fig. 4F and S3). Notably also, Nanos3+ and
c-Kit- undifferentiated As, Apr and Aal spermatogonia were observed in
the seminiferous epithelium at all developmental stages.
The detailed criteria we used for the staging of spermatogonial
development are described in the supplementary discussion and all of
the corresponding results are summarized in Fig. 7.
The heterogeneity of As and Apr spermatogonia is clearly deﬁned by the
GFRα1 and Ngn3/EGFP expression proﬁle
In the course of our double immunostaining studies, we observed
that there may be two populations of As and Apr undifferentiated
spermatogonia, one of which expresses Ngn3/EGFP and the other not
(Figs. 2C and 3C). To further characterize these cell populations, we
conducted triple immunostaining of Ngn3/EGFP seminiferous tubules
for GFRα1, EGFP (Ngn3), and either Nanos2 or Nanos3 (Figs. 5A–D).The results revealed that Nanos2 is expressed at higher levels in the
GFRα1+Ngn3/EGFP− type cells, whereas Nanos3 is more strongly
expressed in the GFRα1−Ngn3/EGFP+ cells (Fig. 5E). In addition, we
observed a small population of GFRα1+Ngn3/ EGFP− cells that did
not express Nanos3 (8.01%) (Fig. 5C, yellow open arrowhead, and Fig.
5E). However, it should be noted also that cells expressing both
GFRα1 and Ngn3/EGFP were occasionally observed (2.87% in Nanos2-
positive As; 7.77% in Nanos3-positive As; Fig S4 and S5). Unfortu-
nately, we could not generate a single Venn diagram since it was not
feasible to conduct double staining for Nanos2 and Nanos3. However,
most of the heterogeneous As populations could be characterized by
immunostaining for GFRα1 and Ngn3/EGFP.
Asymmetrical Apr- and Aal-like clusters can be observed in
undifferentiated spermatogonia
We detected cell clusters that exhibited unequal gene expression
patterns within chained spermatogonia and designated these as
asymmetrical Apr-like and Aal-like clusters. In the asymmetrical Apr-
like cluster, only one cell expressed GFRα1, whereas the Nanos2 and
Nanos3 distribution was even (Figs. 6A and C, S6 A–C). Most of the
asymmetrical Apr-like clusters were observed in the Nanos2+ clusters
although could occasionally be observed also in Nanos3+ clusters
(Figs. 6E, F). In the asymmetrical Aal-like cluster also, only one cell was
found to express GFRα1 and the Nanos2 and Nanos3 distribution was
again even (Figs. 6B, D, E and F, S6D-E). An unequal expression pattern
was revealed more clearly by triple immunostaining with Ngn3/EGFP.
In asymmetrical Aal-like clusters, all cells expressed Ngn3/EGFP
except for a single cell that expressed GFRα1. However, in most of
the asymmetrical Apr-like clusters, none of the cells expressed Ngn3/
EGFP even among the GFRα1− cells (Fig. 6D and S6F–G). Although
there is no evidence that these cells are connected to each other via
intercellular bridges, these clusters do show a continuity of distribu-
tion for cytoplasmic Nanos2 or Nanos3 proteins, suggesting that this is
the case. These observations raise the possibility that the GFRα1+
cells in these asymmetrical clusters might represent different cellular
states and that GFRα1− cells arise from a GFRα1+ stem cell.
Discussion
Based on our current observations, we summarize the expression
proﬁles for each of the proteins we analyzed during spermatogenesis
in Fig. 7A. The major ﬁnding of our current study is that heterogeneity
clearly exists in the As and Apr populations (Fig. 7A; dark blue
column on the left side). This characteristic of these cells is in
addition to the previously established continuous conventional
hierarchy of spermatogenesis, which is based on previous ﬁndings
that the GFRα1 expressing cell population contains SSCs (Meng et al.,
2000; Buageaw et al., 2005; Naughton et al., 2006; Tokuda et al.,
2007; Jijiwa et al., 2008), whereas the majority of Ngn3/EGFP-
expressing cells represent transit amplifying cells that contain
potential stem cells (Nakagawa et al., 2007; Yoshida et al., 2007).
We also ﬁnd that As and Apr cells can be classiﬁed into three basic
categories: GFRα1+Nanos2+ Nanos3−Ngn3− (Fig. 7, indicated by a
box with a red broken line), GFRα1+Nanos2+Nanos3+Ngn3− (dark
blue area outside of the box), and GFRα1−Nanos2−Nanos3+Ngn3+
(light green area). Our present study also reveals that As is not a
simple homogeneous stem cell population but may consist of several
populations distinguishable by marker expression.
We have recently found that a conditional knockout of Nanos2
during spermatogenesis in the mouse results in depletion of all
spermatogenic cells in a short period although Nanos3 expressionwas
retained in undifferentiated spermatogonia (Sada et al., 2009). This
suggests that Nanos2 is required for stem cell maintenance and that
Nanos3 cannot substitute for Nanos2 function despite its expression
in As cells. This possibility is consistent with the incompatible function
Fig. 7. Association between speciﬁc protein expression proﬁles and the staging of spermatogenic cells. The expression proﬁles of GFRα1 (dark blue), Nanos2 (blue), Nanos3 (dark
green), Plzf (yellow green), and Ngn3/EGFP (light green) were delineated for the different stages of spermatogonial development. The end of the expression period for Ngn3/EGFP
remains unclear. We propose that there may be distinct spermatogonial cell populations [As–Apr], indicated in dark blue, in addition to well-known spermatogonial populations
(light green area), and that the subgroup of these cells expressing GFRα1, Nanos2, and Plzf but lacking Nanos3 is most likely to contain the spermatogonial stem cells.
230 H. Suzuki et al. / Developmental Biology 336 (2009) 222–231in embryonic germ cells (Suzuki et al., 2007). Given these data, we
speculated that the GFRα1+ (probably also Nanos2+) population
lacking Nanos3 might contain the spermatogonial stem cell popula-
tion (Fig. 7; the box with red broken line) and that Nanos3might have
a distinct function fromNanos2 in spermatogenesis. Further studies of
conditional knockouts of Nanos3 in adult mouse testes will be needed
to evaluate these possibilities. It is additionally noteworthy that
because the GFRα1+ Nanos3− population also expressed Plzf, our
hypothesis is consistent with a function for Plzf in the maintenance of
spermatogonial stem cells (Fig. S4, and Supplementary Results and
Discussion 2) as previously reported by the mutant studies (Buaas et
al., 2004; Costoya et al., 2004).
It remains controversial as to whether the heterogeneous
expression of markers in spermatogonia in fact reﬂects temporal
ﬂuxes or cycles within a functionally homogenous population and not
functionally distinct populations. However, it is unlikely that Ngn3/
EGFP− As and Ngn3/EGFP+ As belong to same population as EGFP
would not immediately reﬂect the change of Ngn3 promoter activity
due to its protein stability. This contention is supported by the fact
that EGFP protein can be observed even in round spermatids though
Ngn3 mRNA is expressed exclusively in undifferentiated spermato-
gonia (Yoshida et al., 2004), indicating that EGFP may be stable for
more than 16 days (2 epithelial cycles). Hence, Ngn3/EGFP-positive
and -negative As cells likely have different potentials.
We also show in our current analysis that unusual cell clusters
exist in the mouse testes in which the cells were closely connected as
if they were Apr or Aal spermatogonia but at the same time showed
different gene expression proﬁles. Although there is no evidence for
this as yet, we propose that they might represent asymmetrical cell
division. It has remained a mystery for many years how stem cells
divide for self-renewal and differentiation (de Rooij, 2001). The
existence of an Apr-like cluster may suggest that a GFRα1+ stem cell
could asymmetrically divide and produce both a GFRα1-positive cell
for self-renewal and a GFRα1-negative cell for a subsequent
differentiation step. In a similar vein, the presence of an Aal-like
cluster containing a single GFRα1-positive cell suggests the possibility
that GFRα1−Ngn3+ Aal cells generate a GFRα1-positive actual stem
cell. However, since the asymmetrical expression we observed could
be transient, we may have only captured the point at which the cells
change their gene expression pattern in the whole cluster in a wave-
like manner. To further examine these possibilities, live imaging
analysis of marker-expressing cells will be needed in the future.
Acknowledgments
The CAG-FLP transgenic mouse was kindly provided by S.M.
Dymecki. We thank T. Nakagawa for the technical advice on the
immunostaining methodologies. We also thank R. Yorozu and Y.Kamimura for general technical assistance. This study was supported
in part by the National BioResource Project (NBRP) and the Genome
Network Project of the Ministry of Education, Culture, Sports, Science
and Technology, Japan, and by a Research Fellowships of the Japan
Society for the Promotion of Science (JSPS) for Young Scientists to A.S.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2009.10.002.References
Blume-Jensen, P., Jiang, G., Hyman, R., Lee, K.F., O'Gorman, S., Hunte r, T., 2000. Kit/stem
cell factor receptor-induced activation of phosphatidylinositol 3′-kinase is essential
for male fertility. Nat. Genet. 24, 157–162.
Buaas, F.W., Kirsh, A.L., Sharma, M., McLean, D.J., Morris, J.L., Griswold, M.D., de Rooij,
D.G., Braun, R.E., 2004. Plzf is required in adult male germ cells for stem cell self-
renewal. Nat. Genet. 36, 647–652.
Buageaw, A., Sukhwani, M., Ben-Yehudah, A., Ehmcke, J., Rawe, V.Y., Pholpramool, C.,
Orwig, K.E., Schlatt, S., 2005. GDNF family receptor alpha1 phenotype of
spermatogonial stem cells in immature mouse testes. Biol. Reprod. 73, 1011–1016.
Costoya, J.A., Hobbs, R.M., Barna, M., Cattoretti, G., Manova, K., Sukhwani, M., Orwig,
K.E., Wolgemuth, D.J., Pandolﬁ, P.P., 2004. Essential role of Plzf in maintenance of
spermatogonial stem cells. Nat. Genet. 36, 653–659.
de Rooij, D.G., 1998. Stem cells in the testis. Int. J. Exp. Pathol. 79, 67–80.
de Rooij, D.G., 2001. Proliferation and differentiation of spermatogonial stem cells.
Reproduction 121, 347–354.
de Rooij, D.G., Okabe, M., Nishimune, Y., 1999. Arrest of spermatogonial differentiation
in jsd/jsd, Sl17H/Sl17H, and cryptorchid mice. Biol. Reprod. 61, 842–847.
de Rooij, D.G., Russell, L.D., 2000. All you wanted to know about spermatogonia but
were afraid to ask. J. Androl. 21, 776–798.
Haraguchi, S., Tsuda, M., Kitajima, S., Sasaoka, Y., Nomura-Kitabayashid, A., Kurokawa,
K., Saga, Y., 2003. Nanos1: a mouse nanos gene expressed in the central nervous
system is dispensable for normal development. Mech. Dev. 120, 721–731.
Huckins, C., 1971. The spermatogonial stem cell population in adult rats. 3: evidence for
a long-cycling population. Cell Tissue Kinet. 4, 335–349.
Jijiwa, M., Kawai, K., Fukihara, J., Nakamura, A., Hasegawa, M., Suzuki, C., Sato, T.,
Enomoto, A., Asai, N., Murakumo, Y., Takahashi, M., 2008. GDNF-mediated signaling
via RET tyrosine 1062 is essential for maintenance of spermatogonial stem cells.
Genes Cells 13, 365–374.
Kissel, H., Timokhina, I., Hardy, M.P., Rothschild, G., Tajima, Y., Soares, V., Angeles, M.,
Whitlow, S.R., Manova, K., Besmer, P., 2000. Point mutation in kit receptor tyrosine
kinase reveals essential roles for kit signaling in spermatogenesis and oogenesis
without affecting other kit responses. EMBO J. 19, 1312–1326.
Lolicato,, F., Marino,, R., Paronetto,, M.P., Pellegrini,, M., Dolci,, S., Geremia,, R., Grimaldi,,
P., 2008. Potential role of Nanos3 in maintaining the undifferntiated spermatogonia
population. Dev. Biol. 313, 725–738.
Meng, X., Lindahl, M., Hyvonen, M.E., Parvinen, M., de Rooij, D.G., Hess, M.W.,
Raatikainen-Ahokas, A., Sainio, K., Rauvala, H., Lakso, M., Pichel, J.G., Westphal, H.,
Saarma, M., Sariola, H., 2000. Regulation of cell fate decision of undifferentiated
spermatogonia by GDNF. Science 287, 1489–1493.
Nakagawa, T., Nabeshima, Y., Yoshida, S., 2007. Functional identiﬁcation of the actual
and potential stem cell compartments in mouse spermatogenesis. Dev. Cell 12,
195–206.
Naughton, C.K., Jain, S., Strickland, A.M., Gupta, A., Milbrandt, J., 2006. Glial cell-line
derived neurotrophic factor-mediated RET signaling regulates spermatogonial
stem cell fate. Biol. Reprod. 74, 314–321.
231H. Suzuki et al. / Developmental Biology 336 (2009) 222–231Nishimune, Y., Aizawa, S., Komatsu, T., 1978. Testicular germ cell differentiation in vivo.
Fertil. Steril. 29, 95–102.
Ohta, H., Yomogida, K., Dohmae, K., Nishimune, Y., 2000. Regulation of proliferation and
differentiation in spermatogonial stem cells: the role of c-kit and its ligand SCF.
Development 127, 2125–2131.
Russell, L.D., Ettlin, R.A., Sinha-Hikim, A.P., Clegg, E.D., 1990. Histological and
Histopathological Evaluation of the Testis. Cache River Press, Clearwater.
Saga, Y., 2008. Mouse germ cell development during embryogenesis. Curr. Opin. Genet.
Dev. 18, 337–341.
Saga, Y., Yagi, T., Ikawa, Y., Sakakura, T., Aizawa, S., 1992. Mice develop normally
without tenascin. Genes Dev. 6, 1821–1831.
Sada, A., Suzuki, A., Suzuki, H., Saga, Y., 2009. The RNA-binding protein Nanos2 is
required to maintain murine spermatogonial stem cells. Science 325,
1394–1398.
Schrans-Stassen, B.H., van de Kant, H.J., de Rooij, D.G., van Pelt, A.M., 1999. Differential
expression of c-kit in mouse undifferentiated and differentiating type A
spermatogonia. Endocrinology 140, 5894–5900.
Seydoux, G., Braun, R.E., 2006. Pathway to totipotency: lessons from germ cells. Cell
127, 891–904.
Suzuki, A., Saga, Y., 2008. Nanos2 suppresses meiosis and promotes male germ cell
differentiation. Genes Dev. 22, 430–435.Suzuki, A., Tsuda, M., Saga, Y., 2007. Functional redundancy among Nanos proteins and
a distinct role of Nanos2 during male germ cell development. Development 134,
77–83.
Suzuki, H., Tsuda, M., Kiso, M., Saga, Y., 2008. Nanos3 maintains the germ cell lineage in
the mouse by suppressing both Bax-dependent and -independent apoptotic
pathways. Dev. Biol. 318, 133–142.
Tokuda, M., Kadokawa, Y., Kurahashi, H., Marunouchi, T., 2007. CDH1 is a speciﬁc marker
for undifferentiated spermatogonia in mouse testes. Biol. Reprod. 76, 130–141.
Tsuda, M., Sasaoka, Y., Kiso, M., Abe, K., Haraguchi, S., Kobayashi, S., Saga, Y., 2003.
Conserved role of nanos proteins in germ cell development. Science 301, 1239–1241.
Tsuda, M., Kiso, M., Saga, Y., 2006. Implication of nanos2-3′UTR in the expression and
function of nanos2. Mech. Dev. 123, 440–449.
Yoshida, S., Takakura, A., Ohbo, K., Abe, K., Wakabayashi, J., Yamamoto, M., Suda, T.,
Nabeshima, Y., 2004. Neurogenin3 delineates the earliest stages of spermatogen-
esis in the mouse testis. Dev. Biol. 269, 447–458.
Yoshida, S., Sukeno, M., Nakagawa, T., Ohbo, K., Nagamatsu, G., Suda, T., Nabeshima, Y.,
2006. The ﬁrst round of mouse spermatogenesis is a distinctive program that lacks
the self-renewing spermatogonia stage. Development 133, 1495–1505.
Yoshida, S., Nabeshima, Y., Nakagawa, T., 2007. Stem cell heterogeneity: actual and
potential stem cell compartments in mouse spermatogenesis. Ann. N. Y. Acad. Sci.
1120, 47–58.
